Spectrin is a membrane skeletal protein best known for its structural role in maintaining cell shape and protecting cells from mechanical damage [1] [2] [3] . Here, we report that spectrin dynamically accumulates and dissolves at the fusogenic synapse, where an attacking fusion partner mechanically invades its receiving partner with actin-propelled protrusions to promote cell-cell fusion [4] [5] [6] [7] . Using genetics, cell biology, biophysics and mathematical modeling, we demonstrate that unlike myosin II that responds to dilation deformation, spectrin exhibits a mechanosensitive accumulation in response to shear deformation, which is highly elevated at the fusogenic synapse. The accumulated spectrin forms an uneven network, which functions as a "sieve" to constrict the invasive fingerlike protrusions, thus putting the fusogenic synapse under high mechanical tension to promote cell membrane fusion. Taken together, our study has revealed a previously unrecognized function of spectrin as a dynamic mechanoresponsive protein that shapes the architecture of intercellular invasion. These findings have general implications for understanding spectrin function in other dynamic cellular processes beyond cell-cell fusion.
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whereas a/b H -spectrin double mutant showed a severe fusion defect (Fig. 1e, i) . The functional specificity of a/b H -spectrin in myoblast fusion was demonstrated by a genetic rescue experiment, in which full-length b H -spectrin expressed in all muscle cells rescued the myoblast fusion defect in b H -spectrin mutant embryos (Fig. 1f, i) , and by an overexpression experiment, in which a dominant negative form of b H -spectrin (mini-b H -spectrin, deleting 15 of the 29 spectrin repeats) 20 expressed in muscle cells enhanced the fusion defect of b H -spectrin mutant embryos (Fig. 1g, i ). Furthermore, expressing b H -spectrin specifically in the receiving fusion partners, the muscle founder cells, rescued the fusion defect ( Fig. 1h, i ), demonstrating that a/b H -spectrin functions specifically in the receiving cells.
To determine the subcellular localization of a/b H -spectrin, we performed antibody-labeling experiments using anti-a-and b H -spectrin antibodies in wild-type embryos (Fig. 1j, k) , and an anti-Flag antibody in a protein trap line, kst MI03134-GFSTF. 1 , which carries 3xFlag-tagged b H -spectrin (Fig. 1l ). Both a-and b H -spectrin are highly enriched at the fusogenic synapse marked by an Factin-enriched focus, whereas no enrichment was observed for b-spectrin, which was expressed at a high level in epithelial cells (Extended Data Fig. 1a ). The b H -spectrin enrichment at the fusogenic synapse largely colocalized with that of Dumbfounded (Duf), an Ig domain-containing founder cell-specific adhesion molecule 21 ( Fig. 1j-l) . Moreover, expressing a V5-tagged b Hspectrin specifically in founder cells led to the accumulation of b H -spectrin-V5 at the fusogenic synapse ( Fig. 1m) . In contrast, expressing b H -spectrin-V5 specifically in the attacking fusion partners, the fusion competent myoblasts (FCMs), did not result in its accumulation at the fusogenic synapse (Fig. 1n) . These results further support the functional requirement for a/b Hspectrin in founder cells.
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To investigate whether b H -spectrin forms a stable membrane skeletal network at the fusogenic synapse, we performed live imaging experiments in Drosophila embryos. Surprisingly, instead of forming a stable network, b H -spectrin exhibited dynamic accumulation and dissolution at the fusogenic synapse accompanying the appearance and disappearance of the actin-enriched invasive structure from the FCM, known as a podosome-like structure (PLS) 4 than that in wild-type embryos, except for a few spectrin "hot spots" associated with the occasionally aggregated small F-actin foci (Extended Data Fig. 2c, d ). These findings suggest that spectrin does not form a static network during myoblast fusion; instead, it forms a transient and dynamic structure that rapidly changes its density, shape and morphology in response to changes in the invasiveness of the PLS. The dynamic behavior of b H -spectrin at the fusogenic synapse was confirmed by fluorescent recovery after bleaching (FRAP). When fluorescently labeled b H -spectrin was photobleached at the fusogenic synapse as its accumulation reached equilibrium, the fluorescence rapidly recovered with an average T 1/2 of 59 ± 18 sec (n=6) and eventually reached 54 ± 9% (n=6) of the pre-bleaching level ( Fig. 2a, b ; Supplementary Video 3). These results suggest that more than half of b H -spectrin at the fusogenic synapse is in a mobile fraction and that b H -spectrin dynamically associates and dissociates at the fusogenic synapse, rather than being maintained in a stagnant structure.
Given the correlation between spectrin accumulation and PLS invasiveness, we tested whether b H -spectrin accumulation at the fusogenic synapse is triggered by mechanical force generated by the invasive PLS or is recruited by the cell adhesion molecules in the founder cell, Duf and its functionally redundant paralog Roughest (Rst) 21, 22 . We expressed a truncated form of Duf lacking its entire intracellular domain (DufΔintra) (Fig. 2c) 6 . Interestingly, GFP-b H -spectrin also showed mechanosensitive accumulation, although unlike MyoII, GFP-b H -spectrin accumulated to the base area of the aspirated portion of the cell (Fig. 3a, d ). This effect was not due to an increase in membranous materials in this area, since an RFP-tagged PH domain 27 , which interacts with phospholipids on the plasma membrane, did not accumulate at the base (Fig. 3b, d ). Nor did this effect depend on the adaptor protein Ants that did not show mechanosensitive accumulation (Fig. 3b, d ). In addition, no accumulation was observed for GFP-b H -spectrin-ΔC (Extended Data Fig. 3a ), which deleted a C-terminal fragment containing the tetramerization domain 28 , or GFP-b H -spectrin-ΔN (Extended Data Fig. 3a) , which deleted an N-terminal fragment containing the actin-binding domain 28 ( Fig. 3b, d ; Extended Data The distinct domains of mechanosensitive accumulation of MyoII and spectrin induced by pulling forces prompted us to ask whether they exhibit a similar response to pushing forces.
Course-grained modeling of cells invaded by protrusions with a 5-µm diameter predicted clear separation of dilation vs. shear domains along the invasive protrusion, with maximal dilation at the tip area and maximal shear deformation at the base (Fig. 3f) . However, when the invasive protrusions became thinner (approaching a diameter of 400 nm), there was a gradual increase of shear deformation at the tip area, where the dilation deformation remained largely the same ( Fig. 3g-j) . This model predicted that the mechanosensitive accumulations of spectrin and MyoII induced by thin protrusions may overlap at the tip area, although the maximal shear deformation still resided at the base. To test this directly, we performed atomic force microscopy (AFM) experiments, in which a pushing force was applied to cells expressing GFP-b H -spectrin and RFP-MyoII by a cantilever with a diameter of ~200 nm, closely mimicking the length scale of the invasion protrusions at the fusogenic synapse (Fig. 3k) . b H -spectrin and MyoII exhibited rapid and largely overlapping domains of accumulation to the indented area by the cantilever ( What is the biological function of spectrin accumulation at the fusogenic synapse? In a/b Hspectrin double mutant embryos, the founder cell-specific adhesion molecule Duf and its interacting protein Ants were both dispersed along the muscle cell contact zone between two fusion partners, instead of forming a tight cluster at the fusogenic synapse as in wild-type embryos ( Fig. 4a, b ; Extended Data Fig. 5a, b Besides restricting cell adhesion molecules, the abnormal morphology of the invasive protrusions in a/b H -spectrin mutant embryos suggests that spectrin may play an additional role in shaping these intercellular protrusions. Using structured illumination (SIM) microscopy, we observed that the spectrin accumulation triggered by initial invasive protrusions did not form an evenly spaced network like in red blood cells and neuronal axons [8] [9] [10] . Instead, the network contained spectrin-enriched patches interspersed with spectrin-free domains ( Fig. 4h-k) .
Interestingly, actin-propelled membrane protrusions only penetrated through the spectrin-free domains but not spectrin-enriched patches ( Fig 
METHODS

Fly genetics
Fly stocks used in this study: a-spec rg41 (a- 
Transgenic flies carrying UAS-V5-b H -Spec, UAS-mCherry-b H -Spec, UAS-Duf-GFP and UAS-
Duf-mCherry were generated by P-element-mediated germline transformation. To express genes in muscle cells, females carrying the transgene under the control of an UAS promoter were crossed with twi-GAL4 (all muscle cells), rP298-GAL4 (founder cells) and sns-GAL4
(FCMs) males, respectively. a/b H -spectrin double mutant, a-spec rg41 ,kst 14.1 /TM6 (labeled as aspec,b H -spec in figures), was generated using standard genetic methods.
Molecular biology
Full-length β H -spec was amplified by PCR (with or without a tag) from cDNAs generated from mRNA of stage 11-15 w 1118 flies. Due to the large size of the b H -spec gene, three fragments were individually amplified using the primers as follows:
The three PCR fragments were then subcloned into a Drosophila transformation vector pUAST.
To generate the UAS-b H -SpecΔN and UAS-b H -SpecΔC constructs, the following primers were used:
(1) b H -spec-3865-5': GGAATTCCAACATGGTGTGTCGATCTGCAAATGTTC (2) b H -spec-8028-3': GGTCTAGATCACAGCTGATGGGCCTCAGTTAG To generate pDEST-b H -Spec constructs for GST-fusion proteins for the F-actin cosedimentation assays, the Gateway cloning system was used (Invitrogen)with the following primers:
GGGGACCAC TTTGTACAAGAAAGCTGGGTTTTATCACTGTGGCGGGACTTGACT dsRNAs were synthesized by in vitro transcription with gene-specific primers containing the T7 promoter sequence (TTAATACGACTCACTATAGGGAGA) at the 5' end (MEGAscript; Ambion).
Synthesized dsRNAs were purified using NucAway TM Spin Columns (Ambion).
Immunofluorescent staining and imaging
Fly embryos were fixed and stained as described previously 4, 31 . The following primary antibodies were used: rabbit a-muscle myosin heavy chain (1:1000) (gift from B. Paterson), rabbit anti-b H -Spectrin (1:100) 19 , rabbit anti-b-Spectrin (1:400) 40 , mouse anti-a-Spectrin (1:1; DSHB), guinea pig a-Duf (1:500) 4 , guinea pig a-Ants (1:1000) 23 , rat a-Sltr (1:30) 31 , rat a-Sns
(1:500) 41 , mouse anti-adducin (1:400; DSHB), mouse anti-protein 4.1 (1:400; DSHB), mouse a- 
Time lapse imaging and fluorescent recovery after photobleaching (FRAP)
Time lapse imaging of embryos was performed as previously described 4 . Briefly, embryos expressing fluorescently tagged proteins in muscle cells were collected and dechorionated in 50% bleach. Subsequently, embryos were washed in water, placed onto a double-sided tape (3M), and covered with a layer of Halocarbon oil 700/27 (2:1; Sigma). Time lapse image acquisition was carried out on an LSM 700 Meta confocal microscope (Zeiss).
The FRAP experiments were performed as previously described 17 . A region of interest (ROI) was manually selected and imaged in 3 to 5 frames to record the original fluorescent intensity (pre-bleach). Then the ROI was quickly bleached to a level at lower than 20% of its original fluorescent intensity and subsequently imaged with an appropriate time interval (post-bleach).
The fluorescent intensities of the pre-and post-bleached ROI were measured using the image J program. The Prism software was used to determine the maximum recovery level (the percentage recovery compared to the pre-bleach level) and the half-time of recovery (T half ) using a kinetic curve fit with an exponential decay equation.
Structured illumination microscopy (SIM)
Stage 13-14 embryos were fixed and stained as described above. The samples were then mounted in Prolong Gold (Molecular Probes) and imaged with an inverted microscope (Ti-E;
Nikon) equipped with a 100x oil NA1.49 CFI SR Apochromat TIRF objective lens and an ORCA- 
Electron microscopy
Embryos were fixed by the high-pressure freezing and freeze substitution (HPF/FS) method as previously described 4, 42 . Briefly, a Bal-Tec device was used to freeze stage 12-14 embryos.
Freeze-substitution was performed with 1% osmium tetroxide, 0.1% uranyl acetate in 98% acetone and 2% methanol on dry ice. Fixed embryos were embedded in Epon (Sigma-Aldrich) and cut into thin sections with an ultramicrotome (Ultracut R; Leica). The sections were mounted on copper grids and post-stained with 2% uranyl acetate for 10 min and Sato's lead solution 43 for 1 min to improve image contrast. Images were acquired on a transmission electron microscope (CM120; Philips).
Micropipette aspiration (MPA)
Micropipette aspiration was performed as previously described 44 . Briefly, a pressure difference was generated by adjusting the height of a motor-driven water manometer. 
Coarse-grained molecular mechanics modeling
In the coarse-grained model, the membrane-cortex composite is represented by a triangulated network where the nodes denote the crosslinking positions and the triangles resemble the meshes in the actin network, which is a network structure composed of proteins such as actin, actin crosslinkers, and MyoII. The system energy of the composite at the coarse-grained 
